abstract: In polygynous species, adult mortality is generally higher in males than in females, and theory predicts that this should result in the evolution of faster rates of senescence in males. Detailed investigations of sex differences in patterns of aging across the many and varied phenotypic characteristics associated with successful reproduction in wild populations of polygynous vertebrates are currently lacking. Here, we use longitudinal data collected from a wild red deer population to compare aging patterns across a range of lifehistory, behavioral, and morphological traits in both sexes. While males showed more rapid age-related declines in annual breeding success than did females, there was evidence of variation in aging rates among traits within each sex. Traits associated with male breeding performance showed a rapid decline in old age, whereas the morphology and phenology of antlers, a key male secondary sexual characteristic, showed minimal senescence. Female reproductive traits associated with regulation of estrus and gestation showed delayed senescence relative to traits associated with investment in offspring growth during gestation and lactation. Our results suggest that either natural selection or physiological constraint has caused an uncoupling of senescence rates in different physiological systems and, thus, different reproductive traits in this wild vertebrate population.
Introduction
Understanding the ultimate and proximate causes of variation in senescence, the intrinsic physiological deterioration with age observed in many organisms, remains a major challenge within the biological and medical sciences (Finch 1990; Rose 1991) . Until recently, most empirical research to test evolutionary theories of aging had been conducted on model laboratory study organisms such as nematode worms, fruit flies, and rodents (Rose 1991; Partridge and Gems 2002; Kenyon 2005) . Recently, there has been growing interest in examining senescence in nonmodel systems and in free-living populations (Monaghan et al. 2008; Ricklefs 2008) . There is now mounting evidence of age-related declines in survival and reproductive performance in wild populations of vertebrates (Jones et al. 2008; Nussey et al. 2008; Ricklefs 2008) , as well as evidence of genetic and environmental variation influencing aging rates in the wild (Charmantier et al. 2006; Nussey et al. 2007; Wilson et al. 2007; Reed et al. 2008) . However, few studies have examined how and why different traits influencing reproductive fitness might vary in their aging patterns both between and within the sexes in wild populations. Here, we use longitudinal life-history and morphological data collected over nearly 40 years from a red deer population on the Isle of Rum to measure and explain variation in senescence rates among reproductive traits. We compare standardized aging patterns at the population level across traits associated with annual breeding success, offspring performance, and the growth and morphology of antlers, an important male secondary sexual characteristic. We show that reproductive fitness declines in old age in this wild vertebrate population and that, in line with predictions from classical theory, annual breeding success declines faster in males than in females in this polygynous system. We also demonstrate that, surprisingly, there is relatively little evidence of age-related declines in antler traits.
The evolutionary theory of aging generally assumes that a synchronized pattern of physiological deterioration within individuals is responsible for age-specific changes in the two key evolutionary and demographic parameters: survival and fecundity (Williams 1957; Hamilton 1966; Rose 1991) . Emerging data from laboratory systems have revealed that different physiological systems may vary in their rate of senescence within individuals and that age-dependent declines in survival and other functional traits, such as reproduction, locomotion, olfaction, behavioral reaction times, and stress tolerance, can be both phenotypically and genetically uncoupled (Herndon et al. 2002; Cohen 2004; Amdam and Page 2005; Grotewiel et al. 2005; Burger and Promislow 2006; Rueppell et al. 2007 ). Most studies of senescence in wild populations have focused on assessing aging rates either in survival probability or in one or two annual life-history traits associated with successful reproduction (e.g., McDonald et al. 1996; Gaillard et al. 2004; Nussey et al. 2006; McCleery et al. 2008 ). The few studies that have examined age-dependent variation across a number of different reproductive or physiological traits are suggestive of differences (e.g., Møller and de Lope 1999; Bowen et al. 2006 ), but differences in senescence rates across traits have yet to be explicitly quantified in wild vertebrate populations.
In polygynous species, high levels of intrasexual competition for mates or investment in costly secondary sexual characteristics may result in a heightened risk of ageindependent mortality in males relative to females (Williams 1957; Promislow 1992; Clutton-Brock and Isvaran 2007) . On this basis, Williams (1957) predicted that the strength of selection should weaken more rapidly with age in males, leading to the evolution of more rapid rates of senescence. However, recent studies have highlighted the complexities of the interplay between sexual selection and senescence and have challenged the generality of Williams's prediction (Promislow 2003; Graves et al. 2006; Graves 2007; Bonduriansky et al. 2008 ). While there is little doubt that male-biased adult mortality is a common phenomenon in wild populations of polygynous animals, empirical support for any sex bias in senescence rates from both laboratory and field studies remains mixed (Maynard Smith 1958; Owen-Smith 1993; Carey et al. 1995; Loison et al. 1999; Fox et al. 2003; Catchpole et al. 2004; Gaillard et al. 2004) . To date, the best support for Williams's prediction comes from comparative studies of birds and mammals, which have shown that the male bias in actuarial senescence increases with polygyny or sexual dimorphism (Promislow 1992; Promislow et al. 1992; CluttonBrock and Isvaran 2007) . In polygynous mammals, the phenotypic characteristics determining reproductive success vary markedly between the sexes. Whereas female reproductive performance is largely driven by hormonal homeostasis and resource investment in offspring development and extended maternal care, male reproductive success is determined by competitive ability and sexually selected signals of quality to both competing males and selective females, such as horns and ornaments (CluttonBrock 1988; Andersson 1994) . Despite these profound differences in selection pressures on reproduction in males and females, remarkably little research attention has been paid to sex differences in senescence in traits associated with successful reproduction in wild mammals (CluttonBrock and Isvaran 2007; Graves 2007; Bonduriansky et al. 2008) .
We currently have little idea whether or why different reproductive traits might vary in their onset or rate of senescence either between or within the sexes in free-living populations of polygynous mammals (Graves 2007; Bonduriansky et al. 2008; Nussey et al. 2008 ). To our knowledge, no study of a wild mammal population has examined differences both between and within sexes in the aging rates of life-history, behavioral, and morphological traits associated with successful reproduction. Here, we undertake just such a study by using longitudinal data collected on a wild red deer population.
The red deer (Cervus elaphus) population resident to the Kilmory (or North Block) area of the Isle of Rum, Scotland, has been the subject of individual-based study for almost 40 years Coulson et al. 2004) . Longitudinal reproductive, life-history, morphological, and behavioral data have now been collected from more than 2,500 individuals of both sexes across nine generations. Previous analyses of the North Block population have demonstrated declines in survival probability with age among adults, starting around 9 years of age. Survival probability declines more rapidly from 9 years of age onward in male deer than in females (Catchpole et al. 2004) . Age-specific variation in some male and female reproductive traits has also been examined in previous studies of this population (Clutton-Brock 1984; Kruuk et al. 2002; Nussey et al. 2006) . Most of these traits showed pronounced improvements through early adulthood consistent with gains in experience or resources, in some cases followed by declines in later life consistent with senescence (Clutton-Brock 1984; Kruuk et al. 2002; Nussey et al. 2006) .
Aging is a within-individual process, and problems estimating within-individual changes with age arise when covariance exists between individual quality and the age at maturity and/or longevity (Vaupel et al. 1979; Forslund and Part 1995; van de Pol and Verhulst 2006) . For example, if individuals that have higher reproductive performance on average also tend to live longer, then these higherquality individuals will come to predominate among older age classes, and this may obscure within-individual declines in performance in old age (Vaupel et al. 1979; van de Pol and Verhulst 2006; Nussey et al. 2008) . It is therefore crucial that longitudinal studies of aging control for potentially confounding effects of between-individual heterogeneity and discount the possibility that age-dependent patterns are the result of selective changes in the phenotypic composition of different age classes (van de Pol and Verhulst 2006; Nussey et al. 2008) . Past studies have not antlers are fully grown, the highly vascularized tissue (known as velvet) that covers them is shed (during cleaning) before the beginning of the rutting season. B, Female annual reproductive cycle. Estrus and conception occur during the autumn rut, followed by pregnancy, calving, and a period of lactation before the next rut. The dashed line indicates that should a female fail to conceive during a rut, she may continue to lactate to her previous calf through the following winter.
analyzed the aging patterns across all measured reproductive traits in the Rum populations while controlling for such selective appearance and disappearance effects (although see Nussey et al. 2006 Nussey et al. , 2007 , and rates of aging across these traits have never been explicitly compared.
Here, we utilize a generalized linear mixed-effects model (GLMM) framework originally proposed by van de Pol and Verhulst (2006) that controls for individual heterogeneity and selection effects and allows more accurate estimation of the average within-individual aging patterns at the population level. We use this approach to predict age-specific mean values for a suite of male and female traits associated with successful reproduction. We analyze eight male traits, three associated with performance during the annual rut (annual breeding success, number of days spent holding a harem, and mean harem size), three associated with antler morphology (antler length, coronet circumference, and number of points), and two associated with the timing of antler growth (antler casting and cleaning dates). In females we analyze four traits, two associated with success and timing of estrus, conception, and gestation (annual fecundity and offspring birth date) and two associated with investment in offspring growth during gestation and lactation (offspring birth weight and offspring survival of the first winter). The onset and rates of senescence are compared across standardized age-dependent values of different traits.
Methods

Study Population and Data Collection
Red deer in the North Block of the Isle of Rum, Scotland, have been studied since the early 1970s. Individual deer are recognizable as a result of artificial markings and natural idiosyncrasies. Regular censusing of the population, close observation during the annual rut and calving seasons, and mortality searching during winter mean that birth dates, death dates, and complete reproductive histories are available for most deer resident to the study area .
During the autumn rut (September-November), adult male deer compete to control groups of females (harems) and mate with females when they come into estrus. Figure  1A shows details of the annual reproductive cycle of male red deer. Annual rutting success of males has been previously linked to body size, experience, and antler morphology (Clutton-Brock and Albon 1979; Clutton-Brock et al. 1979 , 1982 . Antlers are a characteristic male secondary sexual trait of cervid species and are regrown each year. Scottish red deer grow their antlers through spring and summer for use in competitive interactions during the autumn rut. Old antlers are cast during spring and are regrown covered in a highly vascularized tissue known as "velvet," which is shed or rubbed off during the summer months preceding the rut (known as antler "cleaning"; Clutton-Brock 1982) . During the rut, daily censuses of the North Block study area are conducted to monitor male breeding performance and female estrous signs. The identities of females in the harem of each rutting male on each day are collected. Regular antler searching and monitoring of antler regrowth through spring and summer means that the casting and cleaning dates of many males rutting in the North Block are known. Cast antlers are collected for measurement, and antlers are also measured from skulls collected postmortem.
Females that conceive during the autumn rut typically give birth from late May through June. Females can begin breeding at 3 years of age and give birth to a maximum of a single calf per year. Figure 1B shows details of the female annual reproductive cycle. Close observation of females and their newborn offspring during the calving season allows parturition dates to be accurately estimated and enables capture of around 80% of calves born to resident females within a few days of birth. Calves are weighed, sexed, and artificially marked at capture, and tissue samples are taken for genotyping and paternity analysis. Offspring birth weight and birth dates are influenced by maternal age and condition (Clutton-Brock et al. 1987a; Nussey et al. 2006) . Mortality is relatively high in the Rum population in both the first and second winters of life, after which it decreases and remains relatively stable and low until old age (Catchpole et al. 2004; Moyes et al. 2006) . Previous studies reveal that juvenile mortality is also influenced by maternal age and condition (Clutton-Brock et al. 1987a , 1987b .
Traits Analyzed
The aim of this study was to estimate and compare patterns of age dependence in reproductive traits in both sexes in this population. The age of individuals at a given breeding event was determined either through knowledge of their year of birth or, for a very small number (≤2%) of cases where individuals were born before monitoring began, by counting cementum layers in molar teeth postmortem . Analyses were restricted to individuals age 3 years or older, since this represents the earliest recorded breeding age for females, and it is extremely unusual for a male to rut successfully earlier than this . Few females live beyond 18 years of age and few males beyond 15 years (Kruuk et al. 2002; Nussey et al. 2006) . To avoid biasing our analyses by including very old age classes for which very small samples sizes were available, we grouped females aged 17 years or older and males aged 14 years or older into a single "final" age class (following Nussey et al. 2006 Nussey et al. , 2007 . Ages at first and last reproduction were taken as the ages of a female's first and last recorded breeding event and a male's first and last rutting season. Females very rarely disperse from the study area, and males typically return to rut in the study area year after year, so these measures are likely to reflect actual appearance and disappearance from the breeding population on Rum (Catchpole et al. 2004 ). We examined age-dependent variation in the following annually expressed phenotypic traits.
Female Reproductive Traits. All data available for females born after 1968 and breeding in 1971-2006 were used for these traits.
Female annual fecundity. For every year in which a female was alive, her annual fecundity (0 or 1, since females produce singletons only) was calculated.
Offspring date of birth. All available data on dates of parturition were used, expressed in number of days after May 1.
Offspring birth weight. When offspring weight and age at capture were available (following Clutton-Brock et al. 1982) , birth weight was estimated as body mass at capture minus 0.01539 times age at capture, where body mass is measured in kilograms and age at capture in hours.
Offspring first-year survival. Whether or not the offspring survived until May 1 of the year after its birth determined first-year survival. Male annual breeding success. The number of calves sired in a given year by each stag rutting in the North Block determined annual breeding success. We assigned paternities genetically, using microsatellite data with CERVUS 3.0 (Marshall et al. 1998; Kalinowski et al. 2007) , by including as potential candidate fathers all males observed holding harems during the rut previous to the birth of a cohort of calves. Genetic paternities were assigned where the confidence score given by CERVUS was 80% or greater and included no more than one parent-offspring mismatch. If possible, males were assigned behavioral paternity where genetic paternity could not be determined. Behavioral paternities were assigned to males if they held the calf's mother in their harem for more days than any other male during the 11-day window around estimated conception (see Clutton-Brock et al. 1997 for further details). This method has been shown to correlate well with genetic paternity assignment (Slate et al. 2000) . Males with less than five (of a possible 15) microsatellite loci genotyped were excluded from analysis, but all remaining genotyped rutting males were assigned an annual breeding success.
Number of days spent rutting. We counted the number of days across the rutting season (September 15-November 15) during which a given male was observed holding a harem of females.
Mean annual harem size. We measured the average size of a male's harem, including only days on which he was observed actually holding a harem across the entire rutting season.
Antler Traits. All data available for males born after 1968 and rutting in 1972-2006 were used. Antler morphology data were collected both from recovered cast antlers and from skulls recovered from carcasses during winter mortality searches. Antler morphology traits and antler casting dates were measured between January and May and thus were analyzed relative to male age during the rut in the previous calendar year (which was when that pair of antlers would have influenced reproductive performance). Antler cleaning dates were related to age in the subsequent rut (same calendar year as measured).
Mean antler length. The length from the base to the farthest tip of the antler was measured (in centimeters). When both cast antlers were recovered (or when measures were made on an animal postmortem), the mean length was taken. Broken antlers were excluded from analysis.
Mean coronet circumference. The circumference of the base of the antler was measured (in centimeters). When both cast antlers were recovered (or when measures were made on an animal postmortem), the mean length was taken.
Mean number of antler points. We counted the number of points (including tines and points on top of the antler) on the entire antler. When both cast antlers were recovered (or when measures were made on an animal postmortem), the mean number of points was taken.
Antler casting date. We used the estimated date at which both antlers were cast (in days after March 1), which indicated the start of the growth of new antlers.
Antler cleaning date. We used the estimated date at which both antlers were cleaned of velvet (in days after July 1).
Statistical Analysis
Generalized Linear Mixed-Effects Models of Reproductive Traits. We estimated aging rates in each trait by generating age-specific predicted means for each trait, having controlled for individual heterogeneity and selection effects within a generalized linear mixed-effects model (GLMM) framework described below. We then standardized these trait predictions to a common scale. All GLMMs were run in GenStat (ver. 10.2, VSN International, Hemel Hempstead).
For each of the traits, we ran a GLMM with the appropriate error distribution. Error distributions and link functions used, as well as the sample sizes, are listed for each trait in table 1. All models included individual identity as a random effect and year of measurement as a fixed factor. The random effect for individual identity controls for the nonindependence of repeated measures on the same individual (Pinheiro and Bates 2000) . The fixed effect for year accounts for annual variation in the trait mean associated with differences in environment conditions (following van de Pol and Verhulst 2006). Age at first reproduction and age at last reproduction and its square were also fitted in all models as fixed covariates. Covariation between individuals' age at first or last reproduction and their mean trait value are common in vertebrates and have the potential to mask within-individual patterns of aging (van de Pol and Verhulst 2006; Nussey et al. 2008 ). For example, higher-quality individuals often survive longer, resulting in an increase in the representation of highperformance individuals among older age classes. Inclusion of an individual's ages at first and last reproduction as fixed effects controls for potentially confounding sources of between-individual variation (see van de Pol and Verhulst 2006; Nussey et al. 2008) . Previous studies have found evidence for curvilinear relationships between age at last reproduction and reproductive traits (Reid et al. 2003; Nussey et al. 2006) , and so inclusion of the quadratic of this term is prudent. Where the age at last reproduction quadratic term was not significant in a GLMM, we dropped the term from the model used to predict age-specific trait values. Age was fitted as a categorical fixed factor, not a covariate, in all models in order to generate predicted age-specific means for each trait corrected for bias associated with individual heterogeneity. These predicted age-specific mean trait values from each GLMM were used to describe and further analyze withinindividual aging patterns for each trait. For some traits, GLMMs included additional fixed effects. Offspring sex and individual's prior reproductive status were included for female reproductive traits where these were known from previous work to have a significant influence on the trait in question (see table 1 for further details).
The data set included individuals that were still alive. For these individuals, age at last reproduction would not necessarily represent the age at which they last bred. Rerunning our analyses with only data from individuals born up to and including 1992, which excluded the vast majority of living individuals (see Nussey et al. 2007) , did not alter the patterns of senescence we observed, and it suggested that any underestimation of age at last reproduction in The Age column shows the marginal Wald statistic, which tests the significance of the fixed factor of age in each model. Where there was significant age-dependent variation in a trait, the age at which the predicted value was highest is listed (in the Peak column). Estimated effects of fixed covariates of age at first reproduction (AFR), age at last reproduction (ALR), and, where significant, its square (ALR 2 ) are also presented. Year was fitted as a fixed factor in all models; additional fixed and random effects fitted to these models are denoted by footnotes. the full data set was not biasing our results (data not shown).
Comparison of Aging Rates. For comparison across traits, we standardized age-specific predicted means from the GLMM of each trait where a significant age effect was detected ( based on a marginal Wald statistic; see P ! .05 table 1). First, predictions were back-transformed onto their original scale if the GLMM involved a non-Gaussian error distribution. Three traits measured with respect to date (offspring date of birth and antler casting and cleaning dates) were inverted so that increasing values reflected improved performance (i.e., earlier dates). Each agespecific estimate was then centered on its predicted value at age 9 years and was divided by the range of the agespecific predictions for that trait.
We took standardized predictions from age 9 years and older for all 12 traits and used nonparametric smoothing functions, implemented through generalized additive models (GAMs), to describe patterns of senescence. We used 9 years of age as our cutoff (following Nussey et al. 2006 ) because most traits had stopped improving with age by this point, and no trait measured had begun to show any pronounced age-related decline before this point (table  1; fig. 2 ). We used GAMs, implemented using the "mgcv" library in R version 2.6.1 (R Development Core Team 2005; Wood 2006), to fit nonparametric smoothing terms for age (with k always set to a maximum of 5). Smoothing terms fitted in GAMs are not restricted to follow a specific functional form in the way that a linear or polynomial regression term would be (Wood 2006) . Thus, using GAMs allowed us to compare aging patterns across traits without making a priori assumptions about the functional form of senescence (Jones et al. 2008) .
To test for differences among traits in their patterns of senescence, we compared models that fitted common smoothing functions for age to different groups of traits, to determine which grouping of traits best explained the apparent variation in senescence rates among traits. We began with the simplest possible model, in which all traits were fitted with the same smoothing function of age, and we then tested whether model explanatory power was improved by grouping traits in different ways. First, we fitted a model in which male and female traits were separated into two groups. We also tested models in which traits were further split into various biologically relevant categories: male traits were grouped into rut performance traits (annual breeding success, number of days rutting, harem size), antler phenology (casting and cleaning dates), and antler morphology traits (length, circumference, point number), and female traits were grouped into those associated with conception (fecundity, offspring date of birth) and investment in gestation or lactation (offspring birth weight, offspring survival). We compared the bestfitting of these models with a model in which each trait had its own aging function, to see whether it adequately explained variation in aging patterns across our suite of reproductive traits. Models were compared both by using the Akaike Information Criterion (AIC) and by statistically comparing the residual variance explained by models of increasing complexity using F statistics (Crawley 2002; Wood 2006) .
Results
GLMMs of Reproductive Traits
Across the entire lifetime of red deer, there was significant age-dependent variation in all male and female traits we examined (table 1). All female reproductive performance traits improved through early adulthood and peaked at 8-9 years of age (table 1; fig. 2A, 2B ). Offspring birth weight and offspring first-year survival showed apparently linear declines with maternal age from around 9 years onward ( fig. 2A, 2B ). Female fecundity showed only a minimal decline until around 14 years of age, after which it declined rapidly. Offspring birth date showed an even more delayed pattern, with parturition dates becoming substantially later only in the eldest (≥17 years) age class ( fig. 2A, 2B ). The significant effect of the mother's age on her offspring's survival means that a female deer's realized fecundity at a given age will be reflected by the product of annual fecundity and offspring first-year survival probability (as shown in fig. 2A ). Figure 2A clearly illustrates that although both female annual fecundity and offspring firstyear survival decline with female age, the aging trajectories of these two traits are rather different. This would mean that female age-specific fecundity alone will not accurately reflect age-specific reproductive fitness or, therefore, agedependent selection pressures or demographic rates.
Male annual breeding success showed a sharp increase through early adulthood, followed by a brief plateau between 8 and 10 years of age and a rapid decline from age 10 years onward ( fig. 2C; table 1 ). Behavioral indicators of rutting performance-the number of days a male spent holding a harem and mean harem size-showed similar patterns of increase, plateau, and decline ( fig. 2D ). Antler morphology and phenology traits all showed pronounced improvement up to around 8 or 9 years of age ( fig. 2E-2G ). Antler length continues to increase slightly with age, and, in fact, the highest predicted mean length was in the eldest age class ( fig. 2F ). Antler circumference showed little sign of a decline in later life ( fig. 2F) , and the number of antler points showed a slight decline (of less than half a point) from 11 years onward ( fig. 2G ). Antler casting and cleaning dates showed a similar pattern, with little evidence Note: Models in which traits were grouped in different ways and common smoothing functions for age were fitted to each group are shown, starting with the single-trait model in which all traits were fitted with a common function and increasing in complexity to a model in which all traits were fitted with a separate age function. The model that best explained variation in aging rates across traits is in boldface. M p all significant male traits; F p all significant female traits; A p all antler traits; AP p antler phenology traits (casting and cleaning dates); AM p antler morphology traits (antler length, circumference, and number of tips); R p male rutting performance (annual breeding success, number of days rutting, and mean harem size); FC p female conception-related traits (female fecundity and offspring date of birth); FG p traits associated with female investment in gestation and lactation (offspring birth weight and survival of first year); R/FG p combined grouping of R and FG groups.
of a delay in the antler growth period after 10 years of age, except for a slight delay apparent in the eldest age class ( fig. 2E) .
The rate of decline in annual reproductive success with age was more rapid in males than in females. A simple linear model comparing the rates of linear decline from age 10 years (the peak for males) in the age-specific predictions for annual reproductive fitness in each sex revealed that male annual breeding success declined significantly more rapidly than did female realized fecundity (sex-by-age interaction: , ; difference F p 147.0 P ! .001 1, 9 in slope [females vs. males] p Ϫ0.213 ‫ע‬ 0.018 SE). The same effect was found when standardized values for each of the measures were used (sex-by-age interaction: F p 1, 9 ,
) and when analyses of either predicted or 47.77 P ! .001 standardized means were restricted to ages 10-14 years (both models: , ). F 1 59.0 P ! .001 1, 6 There were important selective appearance and disappearance effects in many of the traits measured, as evidenced by the significance of ages at first and last reproduction effects in the GLMMs (table 1) . For all the measured female traits, individuals that matured later tended to show reduced average trait performance (selective appearance of poor-quality individuals; age at first reproduction effects in table 1). Selective disappearance seemed less important in females: age at last reproduction was significant only in the GLMM of annual fecundity. The significant quadratic age at last reproduction term in this model predicted a convex increase in the likelihood of producing a calf in a given year among the longestlived females (table 1) . In contrast, age at last reproduction was a significant term for six of the eight male traits. In all cases, trait means improved among males that survived to rut at older ages (table 1). Age at first reproduction was a significant predictor only in models of antler casting and cleaning date, where males first rutting at young ages showed earlier dates across their lifetimes (as for female traits), and in models of number of days holding a harem, for which the effect was surprisingly reversed-males first rutting at younger ages tended to hold harems for shorter periods across their rutting careers (table 1) .
Comparison of Aging Rates
Generalized additive models demonstrated that there were differences in the standardized senescence patterns across traits within each sex. Statistical comparisons of models that grouped traits in different ways are presented in table 2. The best-fitting additive model included four groups of traits, as shown in figure 3. The selected model split traits within each sex, separating male rut performance traits, antler traits, female traits associated with conception (fecundity, offspring birth date), and female traits associated with investment in offspring during gestation or lactation (offspring birth weight and first-winter survival; table 2; fig. 3 ). This four-group model explained aging variation among traits significantly better than did simpler models that only separated traits by sex, that did not separate female traits, or that grouped male rut traits with female gestation/lactation-related traits (table 2) . Furthermore, a full model fitting a separate smoothing term for age to each single trait did not explain significantly more residual variation than did a model fitting a separate function to each of these four groups of traits (table 2) . This analysis statistically confirmed the visual impression garnered from figure 2: antler traits showed minimal senescence, whereas rut performance traits showed a sudden, accelerating decline from age 10 years onward ( fig. 3C, 3D ). In females, conception-related traits showed a delayed but sudden decline relative to the linear decline observed for offspring birth weight and first-year survival from around age 9 years ( fig. 3A, 3B ).
Discussion
Our results generally support the prediction from classical theory that, in a highly polygynous species, males should show more rapid reproductive senescence than females, but they also reveal subtle and unexpected differences in age-dependent variation among reproductive traits within the sexes. Annual breeding success increased with age until around age 10 years in males, and realized fecundity peaked at around age 9 years in females ( fig. 2A, 2C ). The decline in breeding success from age 10 onward was significantly more rapid in males than in females. Although there is empirical support for male bias in actuarial senescence rates in wild populations of polygynous mammals (Catchpole et al. 2004; Clutton-Brock and Isvaran 2007 ; but see Loison et al. 1999; Gaillard et al. 2004) , similar evidence for traits underlying reproductive fitness is lacking. Clutton-Brock and Isvaran (2007) measured the "duration of effective breeding" as an indicator of reproductive senescence across numerous wild bird and mammal populations and found that measure decreased in males with increasing levels of polygyny. However, their study did not explicitly compare reproductive aging rates and did not control for potentially confounding effects of individual heterogeneity. Other studies of aging in reproductive performance traits in wild vertebrates have focused on a single sex, normally females (e.g., Bérubé et al. 1999; Bowen et al. 2006; Nussey et al. 2006 ; but see McElligott et al. 2002 for an analysis of males only), and in only a few recent cases have such studies explicitly controlled for individual heterogeneity in their models (e.g., Nussey et al. 2006; Balbontin et al. 2007; McCleery et al. 2008) .
The mixed-effects model approach utilized in this study provides a way to control for covariation between an individual's average trait value and age at first and/or last reproduction, which is important since such effects may confound estimates of within-individual aging patterns (Cam et al. 2002; van de Pol and Verhulst 2006) . It also allows us to actually assess how age at first and last reproduction correlate with different reproductive traits in males and females. It was notable that whereas male reproductive traits tended to improve with an individual's reproductive life span, this was not generally evident in female traits. Instead, age at first reproduction appeared to be a better predictor of a female's average reproductive performance, with females that began their breeding careers early performing consistently better than those that started late. Male red deer take many years longer than do females to accumulate the resources and experience required to breed successfully: few males in the Rum study population breed before 7 or 8 years of age, while almost all females have bred at least once by the time they reach 5 years of age . The effects of age at last reproduction observed in models of male traits may therefore reflect both the disappearance of males that died before reaching their reproductive peak as well as differences in some underlying aspect of phenotypic "quality" that influences both reproductive performance and longevity. It is also worth noting that the male breeding population considered here comprises both stags that were born in the study area and those that immigrated from other areas as adults. The age at last reproduction effects observed for male traits could also be capturing changes in the phenotypic composition of older age classes caused by the arrival of adult immigrant stags. In essence, these points serve to highlight that the biological interpretation of age at first and last reproduction effects is likely to be much more challenging in the dispersive sex in mammalian systems. Whatever their underpinning biological causes, these effects are likely to bias or mask withinindividual aging patterns if they are not controlled for, and they can be controlled for only if longitudinal data are available (van de Pol and Verhulst 2006; Nussey et al. 2008) .
Our results represent an extremely rare demonstration of male-biased aging rates in reproductive fitness from a wild population, in which sources of bias associated with individual heterogeneity have been explicitly controlled for. However, the apparent variation in aging patterns across different traits within each sex, evident in figures 2 and 3, demands further consideration and explanation. We discuss the differences within each sex in the sections below and explain them in terms of differences in the physiological processes that underlie and limit the expression of these traits. Our analyses strongly suggest that senescence rates in physiological systems underpinning reproductive traits are uncoupled in our study population. We consider the wider evolutionary and ecological implications of this finding.
Aging Patterns in Female Reproductive Traits
The clearest difference in senescence patterns in female traits was between offspring birth weight and offspring first-winter survival, which declined linearly with age from around 9 years old ( fig. 3B) , and annual fecundity and offspring birth date, which declined only slightly from 9 years but then showed a delayed and rapid deterioration from around 14 and 16 years, respectively ( fig. 3A) . Differences in the physiological constraints underlying the expression of these two sets of traits may explain the observed variation in senescence patterns. Whether or not a female conceives and carries a calf to term and when she conceives and gives birth will be predominantly determined by whether and when she comes into estrus during the annual rut, as most estrous females are mated and gestation length is thought to vary little in red deer . The body mass and survival chances of a female's offspring are likely to be dependent on levels of maternal investment during gestation and lactation (Clutton-Brock et al. 1989) . As a female's physiological condition deteriorates with age, either directly through accumulated tissue and organ damage or because senes-cence reduces the ability to acquire or assimilate resources, we would expect her ability to bear the physiological costs of investment in gestation and lactation to become increasingly constrained. However, in mammals, age-related deterioration of the reproductive cycle and estrus is thought to be determined to a large extent by oocyte number rather than physiological state. Oocyte number is fixed at birth in female mammals and declines at an exponential rate across a female's reproductive life span in humans (Armstrong 2001) . Oocytes control the female reproductive hormonal cycle, and, in humans and domesticated mammal populations, their severe depletion in old age is associated with a terminal decline and cessation of reproductive function (Gosden and Faddy 1998; Cohen 2004) . Oocyte depletion in old age will therefore influence both a female's capacity to successfully ovulate and conceive and the timing of ovulation and thus could play an important role in senescence patterns in annual fecundity and offspring birth date.
A detailed study of the reproductive physiology of farmed red deer has found that calf production declined markedly from age 16 years onward, with complete reproduction cessation by age 19 years in a cohort of females that survived until age 21 years (Fisher et al. 2000) . Postmortem analysis of the reproductive physiology of these hinds revealed anomalous hormone concentrations and a hugely reduced number of primordial follicles relative to 7-year-old hinds (Fisher et al. 2000) . Adult female deer in the North Block study area on Rum are largely protected from predation or management and may thus survive to a much older age than would be expected in most ancestral populations of this species. The sudden decline in annual fecundity at around 14 years or in offspring birth date from 16 years may reflect oocyte depletion and subsequent disruption of the reproductive hormone cycle among females that have survived well beyond the typical life expectancy of wild red deer populations experiencing predation-or management-related mortality. The earlier and more progressive decline in traits associated with investment of maternal resources in the offspring (offspring birth weight, first-winter survival) may reflect wider processes of somatic deterioration associated with the accumulation of unrepaired damage (Kirkwood and Rose 1991; Rose 1991; Cohen 2004) .
Aging Patterns in Male Secondary Sexual Characteristics
Unlike survival probability (Catchpole et al. 2004 ) and reproductive performance measures ( fig. 2C, 2D ), traits associated with antler size, morphology, and phenology showed little change in old age ( fig. 2E-2G ). Secondary sexual characteristics such as antlers are expected to be costly, condition-dependent traits if they are to function as reliable cues for inter-and intrasexual assessment (Andersson 1994) . As such, they are predicted to reflect somatic deterioration associated with senescence very well (Møller and de Lope 1999; Vanpé et al. 2007) . If intrinsic somatic deterioration is reflected by observed rapid declines in reproductive performance in older stags, then the weak or absent declines in antler traits are clearly at odds with theoretical expectations. One obvious explanation for this disparity is that, as for female traits associated with regulation of estrus, antler growth is limited by a set of physiological constraints rather different from those involved in male rutting behavior. Successful rutting requires an enormous expenditure of energy: stags are vigilant and patrol their harems day and night, they roar constantly, they may be involved in displays and exhausting fights, and they rarely stop to eat during the rutting period (Clutton-Brock and Albon 1979; Clutton-Brock et al. 1979 , 1982 . Antler growth, on the other hand, is thought to be limited by mineral availability, not energetic resources. The main costs of annual antler regrowth are associated with the formation of new bone, and physiological studies suggest that the mineral requirements for antler growth, most notably the need for calcium, are met from the diet and through reabsorption from skeletal bones (Meister 1956; Muir et al. 1987; Baxter et al. 1999) . The physiological deterioration experienced in old age by stags is likely to limit their ability to compete successfully for control of harems during the rut far more strongly than it limits their ability to grow large antlers.
Previous studies of wild vertebrates have demonstrated changes in antler size and form at old age in ungulates (Mysterud et al. 2005; Vanpé et al. 2007) . A recent study of French and Swedish populations of roe deer (Capreolus capreolus) found evidence of a decrease in antler length in older males (Vanpé et al. 2007 ). Differences in the mating systems of red and roe deer may explain differences in antler aging patterns between the species: roe deer bucks defend territories, not harems of females, and female choice may play a much greater role in mating success in this species, leading to stronger selection for antlers to physiologically represent costly indicators of condition in roe deer males (Clutton-Brock 1982; Bartos and Bahbouh 2006; Vanpé et al. 2007 ). In a study of Norwegian red deer, Mysterud et al. (2005) found that the number of antler points was lower among stags culled at ≥12 years of age than among those culled during prime age. In fact, stags on Rum showed some evidence of a decline from age 11 years onward in their number of antler points ( fig. 2G ). However, relative to the rapid declines from age 10 in rut performance traits, this change was minor. Crucially, neither of the two studies mentioned above presented data on male reproductive senescence rates. Our analyses make it abundantly clear that, at the population level at least, changes in antler growth, morphology, or phenology in old age indeed very poorly reflect senescence in male annual breeding performance in the Rum study population. Further detailed comparisons of aging patterns in reproductive success and secondary sexual characteristics at the individual level and also across species that vary in their mating systems would clearly be worthwhile to help understand the evolutionary significance of senescence in sexually selected traits such as antlers (Bonduriansky and Brassil 2005; Bonduriansky et al. 2008) .
Evolutionary Implications of Variation in Senescence Rates
Our analyses reveal that different aspects of reproductive performance can show markedly different aging patterns in a wild vertebrate population, and these differences may have important implications for our understanding of the evolution of aging. The assumption that the weakening of natural selection with age will lead to a synchronization of senescence across physiological systems and also the life-history, behavioral, and morphological traits that influence survival and reproduction is clearly an oversimplification (Rose 1991; Reznick et al. 2004; Grotewiel et al. 2005) . Our results highlight the importance of not considering either age-specific survival probability or fecundity alone as proxies for age-related declines in fitnessrelated traits (contra Ricklefs 1998; Jones et al. 2008) . For example, male senescence appears to be more rapid in annual breeding success than in survival probability ( fig.  2C ; Catchpole et al. 2004) , and the female traits determining annual reproductive fitness, fecundity, and offspring survival show rather divergent aging patterns ( fig.  2A) . Consideration of downstream effects of parental age, such as those on offspring first-year survival observed here ( fig. 2A) , is clearly important if we are to understand the evolutionary and ecological consequences of aging in natural populations (Priest et al. 2002; Benton et al. 2008) . Our results highlight the need to consider the mechanisms underlying senescence in demographic rates in natural populations in more detail, and they warn against generalizing widely from results based on one or two traits associated with reproductive success.
The finding that annual breeding success shows a more rapid decline in old age in males than in females in a highly polygynous vertebrate matches predictions from classical evolutionary theory and findings from comparative studies of wild animals (Williams 1957; Promislow 1992; Promislow et al. 1992; Clutton-Brock and Isvaran 2007) . This difference between the sexes could be expected either as an evolutionary by-product of selection weakening more rapidly with age in shorter-lived males or as a result of higher cumulative or age-specific costs of reproduction in males relative to females (Bonduriansky et al. 2008 ). However, it has recently been suggested that where polygynous males attain peak reproductive success at a relatively older age than females do, as observed here in red deer, selection against senescence before this peak should actually be stronger in males than in females, and classical theoretical predictions could be reversed (Graves et al. 2006; Graves 2007) . It is also worth considering that we have little idea exactly how the intrinsic physiological deterioration associated with senescence is actually influencing rut performance traits in males. Conceivably, the onset and rate of age-dependent decline in physiological condition could be identical in males and females, but the intense competition from younger males for control of harems during the rut could impose a threshold condition level beyond which male competitive ability falls away very steeply. In this case, the mating system would drive the difference in reproductive senescence between the sexes, and no evolved difference in the underlying physiological process of senescence would need to be invoked. Further development of theory linking sexual selection and senescence and empirical study of intersexual variation in senescence in both life-history and physiological traits is clearly required to address these issues.
Within both sexes we observed similarities and differences across traits in their patterns of senescence that appeared linked to the physiological processes underpinning trait expression. Our results imply that senescence rates in different physiological systems that underpin different reproductive traits may be uncoupled in wild vertebrate populations. This mirrors recent findings from laboratory model systems (Herndon et al. 2002; Grotewiel et al. 2005; Burger and Promislow 2006) , but the key question is how and why this uncoupling has arisen. The most parsimonious explanation is one based on physiological constraint. The differences in figure 3 are readily explained if somatic deterioration associated with senescence is limiting the expression of energetically costly reproductive behaviors, such as rutting and maternal care, more strongly than that of traits, such as antler growth and estrus timing, which are not energetically demanding but are limited instead by other factors (e.g., oocyte number and mineral availability). However, senescence rates can also vary among traits because of adaptive shifts in age-dependent resource allocation or because traits are under the control of different genes and under divergent age-dependent selection (Cichon 2001; Burger and Promislow 2006) . Whatever the underlying causes of this uncoupling of aging rates, it is clear that making evolutionary inferences about senescence from measurements on a single trait could be very misleading and that more detailed investigation of physiological markers of senescence in wild populations is warranted.
